Field measurements of the wake flow produced from a 2-MW Enercon E-70 wind turbine were performed using three scanning Doppler wind lidars. A GPS-based technique was used to determine the position of the wind turbine and the wind lidar locations, as well as the direction of the laser beams. The lidars used in this study are characterized by a high spatial resolution of 18 m, which allows the detailed characterization of the wind turbine wake. Two-dimensional measurements of wind speed were carried out by scanning a single lidar over the vertical symmetry plane of the wake. The mean axial velocity field was then retrieved by averaging 2D scans performed consecutively. To investigate wake turbulence, single lidar measurements were performed by staring the laser beam at fixed directions and using the maximum sampling frequency. From these tests, peaks in the velocity variance are detected within the wake in correspondence of the turbine top tip height; this enhanced turbulence could represent a source of dangerous fatigue loads for downstream turbines. The spectral density of the measured velocity fluctuations shows a clear inertial-range scaling behavior. Then, simultaneous measurements with two lidars were performed in order to characterize both the axial and the vertical velocity components. For this setup, the two velocity components were retrieved only for measurement points for which the two laser beams crossed nearly at a right angle. Statistics were computed over the sample set for both velocity components, and they showed strong flow fluctuations in the near-wake region at turbine top tip height, with a turbulence intensity of about 30%.
Introduction
Wind energy infrastructure and production have been growing rapidly over the last few decades as wind energy has become one of the most profitable sources of renewable energy. Optimizing the design and operation of wind farms requires understanding the complex interaction between atmospheric boundary layer flow and wind turbines. Of particular interest is the effect of wind turbine wakes, which are responsible for a reduction in power output and an increase in fatigue loads in wind farms; see, for example, Crespo et al. (1999) and Vermeer et al. (2003) .
Computational fluid dynamics (CFD) techniques with different degrees of complexity and accuracy have been applied to simulate wind turbine wake flows. Early CFD tools have adopted the Reynolds-averaged Navier-Stokes (RANS) approach, in which the mean flow is computed and the effects of the turbulence are parameterized using closure models (Xu and Sankar 2000; Alinot and Masson 2002; Sørensen et al. 2002; Gomez-Elvira et al. 2005; Tongchipakdee et al. 2005; Sezer-Uzol and Long 2006; El Kasmi and Masson 2008) . More recently, largeeddy simulation (LES) frameworks have also been developed for wind energy applications. LES computes explicitly large energy-containing nonuniversal scales of the flow, while the small scales are modeled (Jimenez et al. 2007 (Jimenez et al. , 2008 Calaf et al. 2010; Porté -Agel 2010, 2011; Porté -Agel et al. 2011; Wu and Porté -Agel 2011) . In LES, the wind turbine-induced loads, that is, thrust and torque, can be parameterized using three different types of wind turbine models (see Porté -Agel et al. 2011; Porté -Agel 2011, 2013) : an actuator disk model that distributes uniformly the loads over the rotor disk area; an actuator disk model with azimuthal rotation; and an actuator line model that distributes the forces along a lifting line that rotates, mimicking the blade motion.
All the above-mentioned numerical models need a significant amount of experimental data for their assessment and optimization. Experimental research in wind energy consists mainly in wind tunnel tests and field measurements. Wind tunnel investigations present the advantage of reproducing a broad range of wellcharacterized wind conditions. However, the used downscaled models represent a strong limitation, especially for the near wake, where geometrical details of the models might produce significant discrepancies with respect to real wind turbine flows. Moreover, the lower Reynolds number achieved in wind tunnel tests creates differences in the boundary layer flows over the blades with respect to real wind turbines, which can lead to differences for wind turbine loads. For example, Alfredsson et al. (1982) reported a lower maximum power coefficient for downscaled wind turbine models.
A review on wind tunnel investigations performed in the wind energy field is provided by Vermeer et al. (2003) . Early investigations were performed on wind turbine static simulators, for example, in Builtjes (1978) , Vermeulen and Builtjes (1982) . Then, tests with rotating models were carried out considering also the interaction between different wind turbine wakes (Ross 1979; Ross and Ainslie (1981) ). Several wind tunnel studies were performed to investigate the influence on the wake of different parameters, such as the downstream distance between wind turbine rows (Ross and Ainslie 1981; Green and Alexander 1985; Green 1986; Talmon 1985) , turbine thrust coefficient (Milborrow and Ross 1983; Talmon 1985; Green 1986 ) and ambient turbulence (Alfredsson et al. 1980; Milborrow and Ross 1983; Zhang et al. 2012) . Among the most recent wind tunnel studies, it is worth mentioning the analysis of the effect of the turbulent incoming flow on the wake structure presented in Medici and Alfredsson (2006) . In that study, the effect of the yaw angle of the wind turbine on its wake was also investigated. The effect of the surface roughness on the wake turbulence is surveyed in Chamorro and Porté -Agel (2009) , whereas the influence of a stable and unstable thermal stratification on power production was considered in Chamorro and Porté -Agel (2010) and Zhang et al. (2013) . Turbulent flow inside and above wind farms and its effect on turbine performance were investigated by Cal et al. (2010) , Chamorro and Porté -Agel (2011) and Markfort et al. (2012) .
Besides the above-mentioned research activities, field measurements of wake flows produced by real wind turbines are also necessary in order to avoid issues connected to lower Reynolds number reproduced in wind tunnel tests or to uncertainties associated with turbulence and turbine simulations. A great challenge for field measurements is represented by the very large measurement volumes involved, and the often nonstationary and nonhomogeneous nature of atmospheric boundary layer flows. Field measurements are considered an essential tool for a proper estimation of the incoming wind field, which is extremely important for an accurate prediction of wind turbine power production. In Wagner et al. (2009) wind shear along the wind turbine height is considered for power prediction instead of only using the wind velocity at hub height. The characterization of the incoming turbulence is also important to evaluate fatigue loads on the blades, especially within a wind farm. Moreover, a proper characterization of the incoming mean wind and turbulence levels is fundamental to predict wake recovery, which is an essential feature for wind farm design.
Current industry standards for field measurements in wind energy consist mainly in tests performed with masts instrumented with sonic anemometers, cup anemometers, wind vanes, and temperature probes (Amar et al. 2008; Belu and Koracin 2009 ). However, conventional mast measurements are often insufficient to characterize flows produced by large wind turbines because of the limited number of measurement locations. Furthermore, the relative position between the mast and the wind turbine wake can vary depending on wind direction, wind turbine yaw angle, and wake meandering. Therefore, in order to avoid these measurement issues, the use of remote sensing techniques is growing rapidly for wind energy applications, in particular the use of sodars and short-range wind Doppler lidars.
A Doppler wind light detection and ranging (lidar) is a remote sensing instrument that measures wind velocity through the evaluation of the Doppler shift along a laser beam emitted into the atmosphere and backscattered because of the presence of particles. Therefore, a Doppler wind lidar is only sensitive to the velocity component parallel to the laser beam, the so-called radial velocity or line of sight (LOS) velocity. Lidar measurements can be performed by simply staring the laser beam along a fixed direction-that is, with fixed azimuth and elevation angles-which enables measuring the radial velocity along the beam direction at several locations evenly spaced along the beam. Two-dimensional measurements can be performed by scanning the lidar over vertical planes, the so-called range-height indicator (RHI), that is, by scanning the lidar with a fixed azimuthal angle and by varying its elevation angle. Measurements over conical surfaces can be also performed by varying the azimuth angle and with a fixed elevation angle, the so-called plan position indicator (PPI) or velocity-azimuth display (VAD).
More sophisticated techniques enable the measurement of 2D or 3D velocity fields by scanning consecutively a single lidar along different directions; see Newsom et al. (2005) , Chan and Shao (2007) , Xia et al. (2008) , Lin et al. (2008) , and Kongara et al. (2010) . All
these data retrieval methods are based on the assumption that within the measuring volume, the velocity is considered constant over planes orthogonal to the radial direction connecting the measurement point and the lidar location. Therefore, these methods cannot be used for wind turbine wake measurements where the velocity is changing rapidly within the wake. Furthermore, in Sathe et al. (2011) it is shown that turbulence cannot be measured with an adequate accuracy through conical scanning and VAD data retrieval. To investigate multicomponent velocity fields for wind turbine wakes, measurements carried out with multiple lidars must be considered, like the ones presented in Calhoun et al. (2006) , Newsom et al. (2008) , Mann et al. (2009 ), Drechsel et al. (2009 ), and Hill et al. (2010 . Doppler wind lidars have been extensively used for meteorological investigations in the last decades (see Gal-Chen et al. 1992; Frelich et al. 1998; Newsom et al. 2005; Retallack et al. 2010) . Regarding wind energy, reliability of vertical wind profiles obtained with a Leosphere windcube wind lidar was investigated by Aitken et al. (2012) . The authors found that lidar performance is influenced by aerosol backscatter, atmospheric refractive turbulence, humidity, and precipitation. These results suggest that lidar measurements are very useful for wind turbine siting and wind farm design. In Kasler et al. (2010) , lidar measurements were used to detect the velocity deficit within wind turbine wakes; however, the long-range wind lidar used in that study did not allow characterizing in detail the wake flow. A review on remote sensing techniques for wind energy applications is provided by Emeis et al. (2007) .
In this paper, lidar measurements of the wake produced from an Enercon E-70 2 MW wind turbine are presented. First, measurements with one lidar staring along a fixed direction were performed by varying the number of laser rays emitted for each velocity profile. Then, the mean wake velocity field was obtained by averaging 2D measurements performed over vertical sections of the wake. Measurements were also performed by staring a single lidar over selected fixed directions with the maximum sampling frequency and for a sampling period of about 11 min. The main goal of these tests was the detection of wake regions with a higher turbulence intensity. Finally, simultaneous measurements with two lidars were carried out over the vertical symmetry plane of the wake in order to retrieve vertical and axial velocity components, while a third lidar characterized the incoming flow.
The paper is organized as follows: the tested wind turbine, the site, and the used lidars are described in section 2. The 1D and 2D wake measurements performed with a single lidar are then reported in section 3, whereas simultaneous measurements with three lidars are presented in section 4. Finally, conclusions are provided in section 5.
Wind turbine site and experimental setup
The field campaign was performed during the period between June and August 2011, and measurements were performed during daytime between 1200 and 2000 local time (LT), when generally a north-northwest wind blows. The tests mainly consist of lidar measurements of the wake flow produced from the interaction between the atmospheric boundary layer and two wind turbines located in the towns of Collonges and Martigny, respectively, of the Canton de Valais in Switzerland. The wind turbine locations are reported on the map in Fig. 1a , whereas a street view of the site is shown in Fig. 1b . These wind turbines are located within a narrow valley surrounded by mountains with heights around 2500 m. Thus, the topography plays a strong role on the wind characteristics. The wind turbine in Martigny is mainly surrounded by fruit trees with a maximum height of about 4 m, whereas the one in Collonges is surrounded by cornfields and grass fields.
The two wind turbines considered in this study were manufactured by Enercon and are operated by Rhô neEole SA. The one in Martigny, called Mont d'Ottant, is an E-82, while the one in Collonges, called Cime de l'Est, is an E-70. In this study only measurements performed for the latter are presented. Technical data of the wind turbine E-70 Cime de l'Est are reported in Table 1 . It has a rotor diameter of 71 m, a hub height of 98 m, and a maximum capacity of 2.3 MW. Annual power production of this wind turbine is reported in Table 2 .
The supervisory control and data acquisition (SCADA) data of the tested wind turbine were acquired for the whole testing period. These data include the rotational velocity of the wind turbine blades, the wind velocity measured at hub height from an anemometer mounted on the nacelle, the wind turbine yaw angle, and power production; each parameter was recorded as averages over 10-min periods. In Fig. 2a a histogram of the mean hub height wind velocity is reported. It shows that during summertime, the considered site is characterized by a moderate wind with typical velocities between 5 and 10 m s
21
. Regarding wind direction, the one with the highest incidence is at 3408 from north (see Fig. 2b ), which typically occurs in the afternoon hours during the testing period. This wind is a thermal wind blowing from the warmer area of Lake Geneva toward the Alps, and is mainly canalized along the valley. The other common wind blows roughly in the opposite direction, that is, south-southeast 1608 from north, typically in the early morning and slightly stronger than the north-northwest wind. The wind conditions recorded during the testing period are summarized in the wind rose reported in Fig. 3 .
Wind turbine performance is also investigated through the SCADA data, as the wind turbine rotational velocity reported in Fig. 2c . From this histogram, a roughly uniform occurrence of rotational velocities between 8 and 21 rpm is observed, except for a higher percentage in correspondence of the value 19 rpm. Finally, the histogram of the power production over 10-min intervals is shown in Fig. 2d .
Wind velocity measurements were performed with three Galion Doppler wind lidars, produced by Halo Photonics. This pulsed Doppler wind lidar emits wave trains with a wavelength of 1.5 mm and a frequency of 15 kHz. The direction of the lidar laser beam is controlled by setting different values of the azimuth and elevation angles. One-dimensional measurements at several points evenly spaced along the laser beam can be performed by staring the lidar along a fixed direction. On the other hand, two-dimensional vertical scans of the wind field can be performed by varying the elevation angle of the laser and maintaining fixed the azimuthal angle, that is, the so-called RHI scans. It is also possible to perform measurements over conical surfaces by varying the azimuthal angle and keeping a fixed elevation angle, which are denoted as PPI or VAD scans. All the main characteristics of the Galion lidar are reported in Table 3 , among them it is worth highlighting the relatively high spatial resolution of 18 m. The first available measurement point is at a distance of 40 m from the lidar location, and the maximum range is about 3 km. The maximum sampling frequency is 0.77 Hz. 
The exact location of the wind turbines, a reference electrical tower, and the lidars were determined using a GPS. Moreover, azimuthal displacements of the lidar laser beam were also evaluated through the GPS in order to reach the measurement targets, as it will be described in the following sections. The GPS used is the GRS-1 by Topcon, which works with GPS and Global Navigation Satellite System (GLONASS) receivers. This GPS can achieve a precision of 300 mm with a differential GPS (DGPS) network, which was typically used for this study, but an increased precision of 15 mm can be achieved with a real-time kinematic (RTK) network.
The reference frame used for this field campaign has its origin placed on the ground level at the wind turbine location. The x axis corresponds to the mean wind direction, which was measured from a wind vane located in proximity of the wind turbine at a height of 4 m, positive in the downstream direction. The z axis is along the vertical direction, positive from the bottom to the top, while the y axis is along the spanwise direction.
Wind turbine wake measurements performed with a single lidar
First, measurements were performed with a single lidar in order to assess the accuracy of the mean radial velocity measurements and to characterize the frequency resolution for the analysis of velocity fluctuations. The Galion lidar enables varying the number of laser rays emitted for each velocity measurement; in fact, the radial velocity is retrieved from the average Doppler effect measured on a certain number of emitted laser rays. For a chosen number of laser rays emitted for a single velocity profile, this technique allows for obtaining a higher sampling frequency and the reduction of the measurement error compared to performing measurements with a single emitted ray and then computing statistics of measurements performed consecutively. To evaluate the effects of varying the number of emitted laser rays on the radial velocity measurements, tests were performed with one lidar placed at a distance of nine rotor diameters d downstream of the wind turbine along the mean wind direction. Regarding the lidar pointing procedure, the location of the wind turbine was detected by gradually varying the azimuthal angle while pointing the laser beam at hub height for a horizontal distance equal to the distance between the lidar and the turbine. The wind turbine location was clearly detectable from a strong peak of the intensity of backscattered light corresponding to the side edges of the turbine at positions (0, 6d/2, H), where H is hub height. The correct orientation of the lidar is further verified by changing the azimuthal angle to detect the position of a reference electrical tower (see Fig. 1 ).
Measurements were performed by staring the laser beam along a fixed direction with an elevation angle of 11.88, and passing through the point located at a downstream distance x 5 0.5d and the same height as the turbine top tip. Tests were carried out by setting a different number of laser rays emitted for each velocity profile and by measuring for a sampling period of 5 min. In Fig. 4a statistics of the radial velocity are reported for the case of one laser ray emitted for each measurement. For this case the sampling time, that is, the time required for a single measurement, is 1.3 s. In Fig. 4 the mean value and standard deviation of the radial velocity are reported for each measurement point along the laser beam. The first two points at a radial distance smaller than 40 m should not be considered because they are located at a distance lower than the minimum range of the lidar. A clear reduction in mean wind velocity is observed near the wind turbine due to the presence of the wake. As expected, the level of velocity fluctuations is slightly increased in that region. For the remaining points located upstream of the wind turbine, a larger standard deviation is generally observed, which can be attributed to the lower accuracy of the signal. This feature could be because the energy of the laser beam decreases as the square root of the radial distance; thus, the signal-to-noise ratio decreases with increasing radial distance. Moreover, it appears that the concentration of aerosols is lower outside of the wake and at higher elevations. By increasing the number of rays emitted for each measurement to 4, it is observed in Fig. 4b that the variability of the measurements is generally reduced in the turbine wake. This is most probably due to the larger averaging time of 5 s, thus filtering out the velocity fluctuations produced by turbulent eddies with characteristic time scales smaller than the sampling time. Finally, if the case of 64 rays is considered (see Fig. 4c then it is evident that the variability of the mean radial velocity is drastically reduced also for measurement points located upstream of the wind turbine, which is due to the long averaging time of 74 s. Summarizing, the number of laser rays emitted for each velocity profile can be increased in order to enhance the accuracy of the mean radial velocity, especially for experimental cases with low aerosol concentration or for measurements performed at large radial distances, for example, between 2 and 3 km. For the present experimental campaign, wake measurements were typically performed by using one laser ray because the considered measurement volume is at a radial distance smaller than 1.5 km. Furthermore, it has been observed that at a fixed radial distance from the lidar, the signal accuracy is generally higher for measurements of wind turbine wakes than for typical atmospheric boundary layer cases. This higher signal-to-noise ratio might be due to wake turbulence and to a higher aerosol concentration produced from flow entrainment into the wind turbine wake, which is promoted by the lower pressure present within the wake. It is important to point out that performing measurements with one ray allows for maximizing the sampling frequency and, thus, the investigation of wake turbulence.
Measurements with a single lidar were also performed with the RHI technique, that is, by scanning the lidar with a fixed azimuthal angle and varying the elevation angle. The lidar was placed at a distance of 6.5d downstream of the wind turbine location along the mean wind direction. By setting the azimuthal angle on the direction of the center of the turbine, 2D lidar measurements were performed over the mean vertical symmetry plane of the wind turbine wake. Considering the reference frame introduced in section 2, the vertical symmetry plane of the wake is determined by the x and z axes. The tests were performed by using one ray for each velocity profile and by covering the wake region with 41 different laser elevation angles evenly spaced by 18. Each 2D vertical scan required 41 s, and consecutive measurements were typically performed for periods of 15 min. In Fig. 5 several 2D maps of the wake flow are reported. These figures show the axial velocity component retrieved from the radial velocity through geometrical relations that take into account the different elevation angles of the laser beam and by assuming a negligible vertical velocity. The latter is a realistic assumption as reported in different studies (see, e.g., Porté -Agel et al. 2011; Wu and Porté -Agel 2011) , and as it will be shown in the following section through simultaneous measurements with two lidars.
From the maps of the axial velocity in Fig. 5 , the presence of the wake behind the turbine is evidenced by a clear velocity deficit, which is reduced in the downstream direction due to the recovery of the wake. It should be noted that the wake changes slightly among the different snapshots due to possible variations of the incoming flow or to possible adjustments of the wind turbine yaw angle. The mean axial velocity field was calculated from the snapshots acquired over a period of 15 min and with roughly uniform conditions of the incoming wind (see Fig. 6 ). From the plot of the mean wake, the downstream recovery of the velocity deficit is more evident, especially for downstream distances larger than 3d.
Vertical profiles of the axial velocity, as the ones reported in Fig. 7 , are then evaluated by performing Delaunay triangulation of the mean axial velocity map (see Delaunay 1934) . From this plot a strong velocity deficit of about 70% of the incoming wind velocity is observed at hub height for a downstream distance of 0.5d; then, the velocity deficit gradually decreases as the wake recovers downstream. It should be pointed out that a substantial error is observed for the velocity profile at x/d 5 0.5 and for locations higher than the turbine top tip, which is due to the backscattering of the laser beam produced by the wind turbine blades and affecting the surrounding measurement points.
Measurements with a single lidar were also performed by staring the laser beam over fixed directions, using one ray and performing 512 measurements over a sampling period of about 11 min for each tested direction. In particular laser beam directions that cross the turbine top tip height at the downstream distances of 0.5d, 1d, 2d, 3d, 4d, and 5d were investigated. Considering that the lidar was placed at a distance of 6.5d downstream of the wind turbine along the mean wind direction, the resulting tested elevation angles were 17. 78, 19.28, 32.18, 28.88, 37 .78, and 52.58, respectively. These tests were performed using one ray, that is, with the maximum sampling frequency of 0.77 Hz, with the goal of investigating wake turbulence. Statistics of these measurements were evaluated, as in Fig. 8 , where the mean wind velocity is reported as a function of the vertical position. The typical velocity deficit distribution is detected and the wake recovery is observed as the lidar elevation angle is increased, thus including measurements from farther downstream locations in the wake. It should be noted that these plots show a clear skewness of the velocity deficit 
toward the upper part of the wake, which is stronger for the lower elevation angles. This is because in those cases, increasing the radial distance from the lidar location leads to an increase in sampling height and a decrease in downstream distance from the turbine-that, in turn, leads to an enhancement of the velocity deficit in the higher part of the wake, compared to the case of a vertical profile. Furthermore, it should be pointed out that the incoming wind significantly changed between the several tested laser elevation angles, as can be observed from the wind profiles with heights higher than the turbine top tip. This feature is due to the relatively long sampling period of 11 min required for each tested elevation angle of the lidar ray and to the unsteady wind conditions. Analysis of velocity fluctuations highlights particular locations with increased unsteadiness, as reported in Fig. 9a , where the standard deviation is plotted as a function of the downstream location. Standard deviation peaks are generally observed for each tested lidar elevation angle, and these peaks move downstream by increasing the laser elevation angle. By plotting the standard deviation as a function of the vertical position (see Fig. 9b ), it is evident that all these fluctuation peaks are located at the turbine top tip height. This flow feature represents a wake region with a higher fluctuation level, which is clearly detectable up to a downstream distance of about 3d, and it can be a source of potential dangerous fatigue loads for a wind turbine placed downstream within a wind farm. The presence of an enhanced turbulence level in wind turbine wakes for heights comparable to the turbine top tip was already observed from wind tunnel tests of downscaled models (Chamorro and Porté -Agel 2009) and also from LES studies . The increased turbulence in correspondence with the turbine top tip height has a mechanical origin, due to the presence of an increased wind shear produced from the superposition of the wind turbine wake on the incoming atmospheric boundary layer.
Finally, spectral analysis was carried out of the measurements obtained by staring the lidar at the fixed elevation angle of 17.78, using one ray and 512 measurements (namely, a sampling period of about 11 min). In Fig. 10 Fourier power spectral density evaluated with the Welch's method is reported (see Welch 1967) for different locations along the laser beam, which are identified by their vertical position. Interestingly, for all measurements the spectral density of velocity fluctuations shows clear evidence of an inertial subrange, characterized by a slope of 2 5 /3. The inertial subrange characterizes vorticity structures with turbulent scales smaller than the ones related to very energetic eddies but larger than the ones of viscous eddies. In the inertial subrange, the energy coming from large eddies is in equilibrium with the one dissipated by viscous eddies; thus, the slope of the energy spectrum remains with a constant value of 2 5 /3 (see, e.g., Stull 1988).
Simultaneous measurements with two lidars
Simultaneous measurements with two lidars were performed over the mean vertical symmetry plane of the wind turbine wake in order to retrieve 2D velocity fields. For these tests one lidar was placed at the wind turbine location pointing downstream, while a second lidar was placed along the mean wind direction at a downstream distance of 6.5d and pointing upstream. The experimental setup, the radial velocities measured by the two lidars, and the retrieved horizontal and vertical velocities are sketched in Fig. 11 . A third lidar was used to characterize the incoming wind. It was located at a downstream distance of 6.5d and a transversal distance of 2d in order to perform measurements over a plane located outside of the wake, parallel to the mean vertical symmetry plane of the wake. Simultaneous measurements were performed by staring the laser beams emitted from the two lidars at the turbine top tip height and different downstream distances (0.5d, 1d, 2d, 3d, 4d, 5d) . These tests were performed by using one ray for each velocity profile and by acquiring 256 measurements for each selected laser direction. The radial velocities measured by the two lidars at a location corresponding to the intersection point of the two laser beams are considered. The axial and vertical velocity components are then retrieved through geometrical relations, which take the elevation angles of the laser beams and the two lidar locations into account. It is important to point out that these twodimensional lidar measurements can be considered reliable if the two lidar beams intersected at angles that are not substantially larger or smaller than 908, in order to characterize both the horizontal and vertical velocity components. For these tests measurement points with intersection angles of the laser rays between 508 and 1308 were considered.
In Fig. 12a time series of the radial velocity measured by the two lidars are reported for the point at the turbine top tip height and a downstream distance of 0.5d. For this measurement point lidar 1, that is, the one located in proximity of the wind turbine location, was pointing downstream with an elevation angle of 758, while lidar 2 was pointing upstream with an elevation angle of 17.68; the resulting intersection angle between the two laser beams was 87.48. For the considered measurement point, lidar 1 was mainly affected by the vertical velocity, indeed in Fig. 12a a very small velocity is detected. On the other hand, lidar 2 detected a radial velocity with a higher magnitude due to the small elevation angle of its laser beam; thus, it was mainly affected by the axial velocity. By moving downstream, the elevation angle of lidar 1 is reduced; thus, it was gradually more affected by the axial velocity and less by the vertical one. Conversely, the elevation angle of the lidar 2 was increased.
Axial and vertical velocity components were then retrieved and their time series are reported in Fig. 12b . Statistics of the two velocity components were computed for the measurement points located at the turbine top tip height and different downstream locations-in particular, mean value and standard deviation are reported in Fig. 13 . The mean vertical velocity is shown to be roughly negligible for all the tested downstream locations, whereas the mean axial velocity is shown to gradually increase by moving downstream due to the wake recovery. Standard deviation of both velocity components confirms the presence of strong velocity fluctuations in correspondence of the turbine top tip height, as already shown in the previous section from the single lidar measurements. In fact, a standard deviation of about 30% of the mean velocity is detected for downstream distances up to 3d, and then turbulence levels start to decrease.
Finally, the axial velocity retrieved by only using the radial velocity measured by lidar 2 and by assuming a negligible vertical velocity is shown in Fig. 12b . It is evident that for this case, for which a laser elevation angle of 17.68 was set, the axial velocity can be retrieved with a negligible error from measurements performed with a single lidar.
Conclusions
Field measurements of the wake flow generated from a 2-MW Enercon E-70 wind turbine located in Collonges, Switzerland, were performed using three scanning wind lidars. The Galion Doppler wind lidar, produced by Halo Photonics and used for the present field campaign, has a relatively high spatial resolution of 18 m, which allows a detailed characterization of wind turbine wakes. A GPS-based technique was used to accurately determine the locations of the lidars with respect to the wind turbine. Furthermore, for these tests GPS data were also used to compute the azimuthal and elevation angles of the lidar laser beams.
Tests were carried out with a single lidar by varying the number of laser rays emitted for each measurement, thus varying the sampling frequency. Results show that this scanning lidar allows the performance of accurate measurements of the mean wind velocity in turbine wakes. Increasing the number of rays emitted for each measurement helps increase the signal-to-noise ratio for cases with low aerosol concentration or for measurement points at distances larger than 2 km. For wind turbine wake measurements, an adequate signal-tonoise ratio was generally obtained using only one laser ray per measurement, which could be related to wake turbulence and to an increased aerosol concentration produced from the flow entrainment within the wake. It is important to note that the possibility of performing reliable measurements with only one emitted ray enables maximizing the sampling frequency and, thus, investigating wake turbulence.
Measurements with a single lidar were then carried out over the vertical symmetry plane of the wind turbine wake with the maximum sampling frequency of 0.77 Hz. The mean velocity field of the wind turbine wake was obtained by averaging 2D scans consecutively performed. Single lidar measurements were also performed by staring the laser beam at fixed positions for a sampling period of about 11 min and with the maximum sampling frequency in order to characterize the level of turbulence present in the wake. From these tests, a peak in the velocity variance was detected at the turbine top tip height, which could represent a source of dangerous fatigue loads for following wind turbines within a wind farm. The spectral density of the measured velocity signals shows evidence of a clear 2 5 /3 scaling characteristic of the inertial subrange of turbulence. Finally, simultaneous measurements with two lidars were performed over the mean vertical symmetry plane of the wake, while a third lidar measured the incoming wind over a vertical plane parallel to the mean wind direction. From these measurements streamwise and vertical velocity components were retrieved for measurement points located at the turbine top tip height and different downstream locations. These tests have shown that the mean vertical velocity is practically negligible for all the considered downstream locations, while the axial velocity gradually increases by moving downstream due to wake recovery. The turbulence in both velocity components has a peak of about 30% of the mean velocity up to a downstream distance of three rotor diameters; farther downstream turbulence intensity starts to decrease. The presence of enhanced wake turbulence for locations at the turbine top tip height is considered to be a typical feature for wind turbine wakes; however, the amount of added turbulence can vary as a function of the wind turbine type, wind conditions, terrain roughness, and surrounding topography.
Currently, simultaneous measurements with three lidars are underway in order to retrieve three velocity components within a wind turbine wake. Future lidar campaigns will consider investigations on the topography effect on wind power production and also the analysis of wind turbine wake interactions within a wind farm.
